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ABSTRACT

The objectives of this research were to more clearly understand the

roles of microstructure and plastic deformation in fatigue crack initi-

ation and propagation in selected aluminum-base alloys with the anticipa-

tion that such information will point the way toward aluminum alloys with

improved fatigue resistance. Specifically studied were:

1) “Fatigue Crack Initiation and Microcrack Growth in 2024-T4 and
2124-T4 Aluminum Alloys”

A metallograph was mounted directly on a closed-loop electro-

hydraulic testing unit and initiation of fatigue cracks was directly

observed on polished notches at magnifications up to 800X in aluminum

alloys 2024 and 2124 in the T4 condition. The latter is a high

purity coarser grain-sized version of 2024 and contains many fewer

constituent particles. At high stresses on the notch surface, the

fatigue cracks initiated on coarse slip lines in both. At low

stresses almost all of the cracks in 2024 initiated in the matrix

adjacent to constituent particles. In 2124 at low stresses 50% of

the cracks initiated near constituent particles and 50% in the

matrix not near constituent particles. The probability that a

constituent particle in 2024 initiates a fatigue crack falls off

V very rapidly as the particle size decreases below 7 .&m. Growth of

microcracks is impeded by grain boundaries. The fatigue resistance

of 2024 is better at high stresses because of the finer grain size;

2124 is better at lair stresses because of the reduced constituent

particle content. ~~~
‘
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2) “Role of Plastic Work in Fatigue Crack Propagation in Metals”

The plastic work required for a unit area of fatigue crack

propagation U was measured by cementing tiny fo il strain gages ahead

of propagating fatigue cracks and recording the stress-strain curves

as the crack approached. Values of U and plastic zone size in

aluminum alloys, 7050-T76, 7050-T4, 2024-T4, 22 19-T861, 2219 overaged ,

and Al-6.3 wt.7. Cu-T4, and a binary Ni-base alloy with 7.2 vt.7. Al

are herein reported. The results are discussed along with U values

f or three steels measured in this laboratory in a program supported

by the American Iron and Steel Institute. When U is comnpared to the

fatigue crack propagation rate at constant LUC along with strength

and modulus , the conclusion is drawn that U is one of the parameters

which determines the rate of fatigue crack propagation . A beginning

was made on relating U to microstructure. “Homogeneous” plastic

deformation in the plastic zone ahead of the crack yields higher

values of U. All of the present data fit an empirical equation for

the fatigue crack propagation rate

— 
(2.7 * 1.2) la

3
~~ ç~ Ic cie

I& U

where p. is the shear modulus and is the 0.2% offset cyclic yield

stress.

3) “Fatigue Crack Propagation Rate of 99•99
4 % Al and 1100 Al Alloy at

298 and 7D’K”

The fatigue crack propagation rate of 99.99’% Al and 1100 Al

alloy is substantially lower at 77 than at 298°K. This holds for the

cold worked as well as the annealed conditions. The origin of the



decrease is a large increase in U on cooling which correlates with

the dislocation structure resulting from the cyclic straining. Cells

result at 298°K, tangles at 77°K. Direct measurements of U at room

temperature fell within the range of the empirical equation given

on the previous page.
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INTRODUCTION

Since fatigue cracks initiate and propagate by plastic deformation

processes which in turn intimately depend on the microstructure , the

fatigue resistance of an alloy must depend on its microstructure. This

dependence is of ten obscure because of counterbalancing effects ; never-

theless, a more clear understanding of the roles of microstructure in

fa tigue res istance of aluminum alloys , hopefully ,  will result in improved,

more fatigue resistant alloys.

Fatigue cracks begin as tiny microcracks. Inclusions or constituent

particles are known to play a determining role in initiation of such

fatigue cracks at low stresses. It was, therefore , decided to do a

quantitative study on the relation between constituent particle size and

probability of initiation of a fat igue crack at an inclusion in 2024 type

aluminum alloys. The mechanism by which fatigue crack initiation is

catalyzed by constituent particles was also not clear and experiments

were undertaken to try to determine the mechanism . Since grain size was

also expected to be an Important factor in fatigue crack initiation, the

study included alloys of different grain size as well as different im-

purity contents.

Once microcracks have initiated, they grow or coalesce as a result

of the applied cyclic loading into a fatigue macrocrack, which is larger

than several grain diameters. Since much of the fatigue lifetime is in

the microcrack growth stage and this stage has been studied relatively

little, the present investigation of 2024 type alloys also included

microcrack propagation.

Theoretical studies of the propagation of fatigue macrocracks have

1.
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2.

shown that the rate should be inversely proportional to the alloy ’s

strength and to the plastic work per unit area of fatigue crack. Often ,

when the strength is increased , the cyclic plastic work or cyclic

ductility is decreased so the two effects counteract each other. The

plastic work to propagate a unit area of fatigue crack which had never

been previously measured was measured in this study and a beginning was

made in relating it to microstructure and to the details of the plastic

work processes of fatigue crack propagation in aluminum alloys .

Finally , we undertook to verify and explain the 100 fold decrease in

the fatigue macrocrack propagation rate in unalloyed Al when the tempera-

ture is decreased from 298 to 77°K and al so to determine the effects of

cold work and small amounts of alloying elements. The secret to low

fatigue inacrocrack propagation rate alloys is learning how to increase

strength without sacrificing cyclic ductility or increasing cyclic

ductility at the same strength of alloy . This occurs on cooling and

thus the origin of the effect may be of considerable practical importance.

These researches will be reported in the following three separate

sections .

1. Fatigue Crack Initiation and Microcrack Growth in 2024-T4 and 2 l24-T4
Aluminum Alloys

The aluminum alloys 2024 and 2124 were selected for study of the

relation of microstructure to the sequence of events which lead to the

initiation of fatigue cracks and their growth into macrocracka because

they allowed an evaluation of the roles of constituent particles and grain

size. A metallographic microscope with magnifications up to 800 times was

mounted on the fatigue apparatus for direct observation of the specimen ’ a

V 
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3.

surface during cyclic loading.

The 2024 and 2124 aluminum alloys were supplied by the Alcoa Research

Center. The former contained 1.2 vol.7. S-phase (~ l2 CuMg) and 1.1 vol.7. ~~-

phase (Cu2FeA1.7). The 2124 is a high purity version of 2024 . By lowering

the Fe , Si , and Cu contents and using a high solution treatment , the 5-

phase p ~rticles were essentially eliminated (there were some unidentified

0.5 ~n particles at grain boundaries). The volume fraction of p-phase was

only approximately 0.2 vol.70. The 2124 alloy had a larger grain size than

the 2024 alloy , 45 ~m compared to 20 ~wi in the transverse direction which

was normal to the loading direction. The heat treatment was solution

treating at 495°C , quenching into ice water and aging at room temperature V

for at least seven days (T4 treatment). This gave a 0.27. offset yield

stress of 314 MN /n? for 2024 (T4) and 298 MN/n? for 2124 (T4).

Edge notches 1.8 sin deep and 0.6 nm radius of curvature were care-

fully machined into the specimens which were 100 X 20 X 3 sri and then

the notch was polished with 30 ~sn and 1 pm diamond paste . A Neuber

stress concentration factor , K , which includes plasticity, of 2.6 was

determined by curve fitting the data of the cycles to initiation of a

fa tigue crack in notched and un-notched specimens . The stress concen-

tration factor assuming only elastic stresses was 4.4.

Two modes of fatigue crack initiation were observed. One mode was

associated with coarse slip lines in the matrix and was not associated

with constituent particles. Such cracks initiated in grain interiors

and not near grain boundaries. The second mode was associated with a

constituent par ticles. The cracks again formed in the matrix and seemed

to emanate from the particles. For the cracks near constituent particles,

~2 ~ 1 -
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4.

there was no evidence for debonding between the constituent particles and

the matrix. Such debonding associated with cracks was only observed after

the cracks were already quite long. Cracks in the particles did not play

a role in fatigue crack initiation in these alloys.

The slip band mode alone was observed at high maximum stresses in

both 2024 and 2124 . As the maximum stress was lowered , a transition

stress was reached where fatigue crack initiation began to be observed

near particles. With R = Omax/Omin 
= -1, the maximum stress , K Omax~ at

the transition was 200 MN/n? (75 MN/n? nominal stress) for 2124 and

365 MN/n? (140 MN/n? nominal stress) for 2024 . At low maximum stresses

~~n
0max = 180 MN/n? , amax 50 M N / n ? ) ,  50’/. of the cracks were of the slip

band type in 2124 but only 57. in 2024.

Not all of the constituent partic1e~ in 2024 initiated fatigue cracks

at low or intermediate stress levels; at most, 2 to 370 of the particles

initiated cracks. An analysis was made of the crack initiation probabil-

ity vs. particle size for both the S (A12CuMg) and ~ (A],Cu2Fe) phase

particles. The fatigue crack initiation probabilities vs. constituent

particle size normal to the stress direction for mechanically polished

specimens of 2024-T4 are plotted in Fig. 1. Since the rolling direction

was parallel to the stress direction, the measured dimension is in the

short transverse (thickness) direction. The S particles are more or less

spherical, the ~ particles are elongated in the rolling direction; how-

ever, their lengths are proportional to their thicknesses. Data for 228

cracks are included in the figure. The number of cracked particles in

each 1 pm incremental thickness element was divided by the particle size

distribution (which peaks at 3 pm for the B-phase and below 2 pm for the
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Fig. 1. Relative fatigue crack initiation probability of 2024-T4 mechanically

polished vs. constituent particle thickn.ss normal to stress direction .
The crack probabilities vs . size were divided by the size distributions
to give the data plottad.
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S-phase) to give the relative fatigue crack initiation probability. For

both types of particles the probability drops very drastically as the

thickness decreases below 7 pm and is small for 2 pm . For the larger

thicknesses, there is considerable spread in the data due to insufficient

number of cracks in this range to give good statistics.

The fatigue crack initiation lifetimes for 2124-T4 end 2024-T4 are

compared in Fig. 2. At high stresses, ~~~ for 2024 is larger than for

2124 due to the smaller grain size of 2024; the resistance to initiation

of fatigue cracks on slip lines decreases as the grain size increases.

The reverse is true at low stresses due to the smaller constituent

particle content of 2124 even though it has a lower yield stress.

It was proposed that intrusions and cxtrusions which lead to fatigue

cracks form more readily where slip bands impinge on particles. Moreover,

since many large par ticles do not initiate cracks , the mechanism must

involve a singularity in the matrix as well as the presence of a particle.

Slip bands are the most obvious singularities. The decrease in probabil-

ity that a constituent particle will initiate a fatigue crack as the size

decreases below 7 pm may be due to the fact that the probability for a

coarse slip band impinging on a particle falls off with the particle size.

Even though the 2124 alloy has many fewer constituent particles than

the 2024 alloy studied, there was only a small increase in fatigue crack

initiation resistance at low stresses no doubt due to the larger grain

size and lower yield stress in the higher purity alloy. Both modes of

fatigue crack initiation may be made easier by increase in grain size.

The main crack was usually formed by coalescence of 5 to 10 micro-

cracks. The growth rates of most cracks actually initially decreased
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8.

with N except when coalescence occurred. In a few specimens of 2024 and

2124 at low stress amplitude the major crack formed from a single source

without coalescing with other cracks. In these cases, the growth rates

generally slowly increased as the cracks spread.

Microcracks were observed to slow down or stop when they neared

grain boundaries. In order to quantify the effect, the distances between

crack ends and the nearest grain boundaries were measured in 16 specimens

of 2024 after many cracks had initiated. The results are shown in Fig. 3.

Clearly, most cracks terminated within one to two pm of a grain boundary.

This must be because the slip processes which produce crack growth are

discontinuous across grain boundaries.

Thus for improved alloys more resistant to fatigue initiation and

microcrack propagation, fine grain size and small constituent particle

size are desirable.

2. Role of Plastic Work in Fatigue Crack Propagation in Metals

Recently, a technique was developed in this laboratory for measuring

the integrated plastic work expended in the plastic zone around a fatigue

crack for a unit area of crack advance, U, by cementing tiny foil strain

gages ahead of fatigue cracks in center notched panel specimens. The

initial results for a high strength low alloy Nb steel and 7050 Al alloy

showed that the rate of fatigue crack propagation at constant AK,

Idc/dNIAK , depended approximately on 1/U, as predicted theoretically by
a number of researchers. These results have been published (Ikeda ,

Iztsni and Fine). This report will review all of the results to date .

Under this Air Force Grant U has been measured on 7050 , 2024 and 

V — - -- - - -~~
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Fig. 3. Distribution of distances between microcrack tips and nearest grain
boundaries for lateral spreadi ng of fatigue cracks in polished notches
of 1.8 me deep end 0.6 me radius of curvatur s . The data reprsss nts
16 speciasns of 2024-T4 , 536 micro crack tips , AQ of 90 to 130 WH Im’
and 25 to 250 pm crack lengths . The average grain size in the crack
spreading direction was 25 pm. The nmebsr of cracks are per micron
interval bstwmen crack ends and nearest grain boundary.
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2219 (comercial aluminum alloys) suppl ied by Alcoa Research Laboratory ,

a binary Al-6.3 w/o Cu alloy supplied by Kaiser Aluminum and Chemical

Corporation Research Laboratory and a binary Ni-7.2 yb Al alloy supplied

by the INCO Research Laboratory.’~ In addition, unalloyed Al and 1100 Al

have been measured by P. Liaw, }‘h.D. thesis in progress, as described in

Section 3 of this report. The technique is fully described in the

publications which have resulted from this work. The sources of error

and approximations made are fully discussed (Izumi and Fine).

The results are suninarized in Table I which also gives the monotonic

and cyclic 0.27. offset yield stress , the exponent m in the Paris relation,

and A , the constant in the theoretical-empirical relation da/dN

A (AK)4/(ij. CyU) where ~i. is the shear modulus. The values for steels in

Tab le I were taken from research in this laboratory supported by the

American Iron and Steel Institute.

The fatigue crack propagatioti rates, Idc/dN I AK , for the 2024-T4

and 6.3 yb Cu-Al alloys in Table I are considerably faster than the

rates for the Nb-doped NSLA steel. These differences in Idc/dN I AK Cannot

be explained by a difference in the shear modulus or but can be ex-

plained by the differences in the plastic work U.

The value of U for the 2024 alloy is the highest of those for the

ccmeercial Al alloys studied while its Idc/dN I AK is the lowest. The

large differences in Idc/dN I 135 between the 7050-T76 Al alloy on the

one hand and the Ni-base alloy and I~ I.A steel on the othe r cor ~1ate

with the large differences in U. In view of these result. , U is

obviousl y playing a deter minati ve role for the rate of fatigue crack

propagation.
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TABLE I .

U VALUES AND I€CHANICAL PROPERTIES

AK a 
—

dc/ dN ._!__ “

~A/ J  aj cycle ~/~? WA/u? WA/n? a A

7050 Al T76* 15.5 3OXlO ° 0.63Xl~ 510 470 4.0 2.3Xlci3

7050 Al T4* 12.4 30 0.54 410- 320 3.5 2.8

Al-6.3 yb Cu T4 12.4 47 5.8 1.6
10.8 2.0 6.1 230 130 4.0 1.2
9.3 1.2 10.5 2.3

2024 Al T4 15.5 14 3.2 390 300 3.0 31
7.8 1.6 2.6 4.4

2219 Al T86l 15.5 25 1.6 370 350 4.0 2.5
7.8 1.5 2.4 3.5

2219 Al overaged 15.5 32 1.4 260 270 4.0 1.4
9.3 6.8 2.1 3.4

Ni-7.2 yb Al 15.5 2 .0 4.8 670 440 4.5 6.3
Aged 2 days, 625°C
Nb-doped HSLA stee l* 19.5 3.7X10 ° 12 - 2.7

15.5 1.7 8 4 0 ,~ 2.1
12.4 0.8 12 3 0 36 

3 .V5

9.3 0.3 6 2.1

Steel - Aged 13 mm , 19.5 1.8 - 3.4 710 880 3.5 1.6
500°C~~
Steel - Aged 200 am , 19.5 5.6 1.3 780 950 3.0 2.3
5000 C’~

* Ikeda , Izumi and FLne~~** Ekeda, Sakat and FineUS)

dc/dR — fatigue crack propagation rate
— total hysteretic plastic work per unit area

ay — 0.2% offset cyclic yield stress

• 0.2% offset monotonic yield stress
a — Paris exponent, i.e., dc/dR — C(AK )m

A — constant in Zq .(l)
Specimen thicknesses were 2.3 to 3 me
Dry argon atmosphere

_________ 
- .
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The Al-6.3 y/o’Cu alloy aged at room temperature contains both

GPI (Guinier-Preston zones) and e phase particles. The excess copper

over the solubility limit forms 0 particles which are 5 to 10 MTh th

diameter with a mean spacing of about 50 pan. The presence of GP zones

tends to give inhomogeneous deformation with coarse planar 8lip bands.

The presence of the large 6 particles, however, make the plastic defor-

mation more uniform throughout ,the specimen, since the 0 particles are

not penetrable by dislocations and thus dislocations must bend or cross

slip around them giving a higher work hardening rate. We propose that

this deformation mechanism is the origin of the relatively high U for

this alloy. The value of U for 7050 Al alloy is relatively small

possibly because few dispersed particles are present. Unlike the 7050

alloy, the 2024 Al alloy has S-phase and A].7Cu2Fe constituent particles. V

The larger value of U for 2024 may in part result from the constituent

particles. The GPI zones for the 7050-T4 alloy are spherical while

those in 2024-T4 Al are platelets. The higher U in the 2024-T4 alloy

may possibly partly result from a greater difficulty for dislocations

to avoid cutting platelets than spheres .

The large increase (50%) of Oy ’ and ay in the Ni-Al alloy is

noteworthy (Table I). The aging treatment used gives aligned cube-

shaped y ’ precipitates roughly lOOA on a side. The flow stress

increase due to cycling may be due to the disordering and creation

of antiphase boundaries in the y ’ particles.

Theoretical equation. for the fatigue crack propagation rate may

be classified into mainly two types: (a) JdcbdN IAK (AK)’ and (b)

Idc/4NI AK (AK )’. Ezperla.ntally, the exponent on AK , a, range. from

~~~~~~~~~~~~~~~~~~~~~~~ - 

V 

~~~~~~~~~~~~~~~ 
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2 to 8. For data for fatigue crack propagation compiled by Frost, Marsh

and Pook (Metal Fatigue, Clareadon Press, Oxford, 1974), the average

value far 14 alloys is 3.94 with a standard deviation of * 0.86. For

the 8 alloys and trea~~~nts given in Table I, the m values ranged from 3

to 4.5 giving m • 3.7 ± 0.5. Thus (a) seems to be the best fit for the

present set of data. Theoretically, dc/dN • A A’~ is expected.

Table I also gives the proportionality constant A for the 8 alloys

and AK’s studied assuming that a ’, the 0.27. c4iet cyclic yield stress,

is the appropriate strength parameter. The average value of A is

2.7 X lO~~ with a standard deviation of ± 1.2 X i0~ giving

da 
• 

(2.7 é 1.2) lQ~ AK’
dN IL CYy ’U

More measurements are needed, of course, to establish the ranges of

validity of the equation.

The plastic work U is thought to be an important parameter even

for metals which follow da/dN — AK2 but, of course, a different theoreti-

cal equation would hold for such alloys.

The experimental determination of U using foil strain gages also

gives a contour map of the plastic zone. Figure 4 shows a plot of

the hysteretic plastic work density contour lines for one-half of the

cyclic plastic zone for overaged 2219 at AK — 9.3 MN/J. The cyclic

plastic zone extends further from the crack tip at 45° than at 0 or 90°.

Along the crack direction the cyclic plastic zone size is approximately

500 pm. The 0.2% offset cyclic yield stress is usually introduced into

theoretical and ampirical equations for the size of the plastic zone
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Y (p~m)
2219 over aged
AK” 9.3 MN/rn312
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Fig. 4. Equt-hyst eretic plastic work density lines for
2219-overagsd A~ alloy. In sequence towa~~ theorigin, the numbers are 1,2,4, and 6 X l0~ 3/a’.
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(e.g., Rice’s formula, r~ — (rv/64)(AK/a
y
’)). In the present case the

appropriate yield stress is the minizmnn stress to give to and fro dislo-

cation motion, ab, and it defines the boundary of the hysteretic plastic

zone about a fatigue crack. This is obviously larger (— 4 times) than the

plastic zone computed using the 0.2% offset cyclic yield stress. Values

of the present plastic zone sizes 
~~~~ 

are given in Table II. There

is good correlation between the size of this cyclic plastic zone and U

(or lda/dNIAK). Note that the nickel-base alloy has a surprisingly

large plastic zone size even though 
~h 

is rather large.

3. Fatigue Crack Propagation Rate of 99~9947~ Al and 1100 Al Alloy at
298 and 77°K

An investigation of the fatigue crack propagation rate of 99.99’Y. Al

and 1100 Al alloy at 298 and 77°K was undertaken to learn more about the

very large decrease in fatigue crack propagation rate which occurs on

cooling Al from room temperature to liquid nitrogen temperature . The

impetus for this investigation was partly the expectation that the

information developed would be helpful for developing Al alloys with

lower propagation rates at room temperature.

The fatigue crack propagation rates for each alloy and each condi-

tion studied at 77°K and at 298°K are given in Fig. 5. The very large

decrease in rate fran cooling is not an effect of enviroimient since the

room temperature measurements were done in dried argon while the speci-

mens were imeersed in liquLd nitrogen for the 77°K tests. The Paris

exponents ranged from 3.9 to 4.7.

In joint research with N. Kiritani and S. Ono of Osaka University,

Japan , the large reduction in fatigue crack propagation rate was related

- - V V - - - - -~~~~~
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tABLE II.

PLASTIC ZONE SIZES

AK 2r~ hmax - a
MN/rn2 uan MN/n?

7050-T76 15.5 630 130
I

7050-T4 12.4 530 150

A1-6.37. Cu 9.3 780 100
V 12.4 1050 100

2024-T4 7.8 680 150
15.5 910 150

22l9-T86l 7.8 630 110
15.5 1080 110

22l9-~~ 9.3 860 110
15.5 1100 110

Ni-7.2 % Al 15.5 1280 190

_ _ _ _ _ _  - . 

V~~~•~~~~~~~~ 

- 

VVV ~~~~_ _ _



+ U
0)

0
_ _  

- ...

•

-
0)
0

+ 0

o
+ + + + + ~~~~~~ 

N 0
+ 0
+ 0’) 0)m0’)O’)—~~o 0’)~~~ 

O) e)0’)O)—— z
+ 

+ 0”)~”
--4 ~~

+ 
OQ~~~

- +
+ 

0

~
l
~1 + • 1 o D + 4 ~~~I

41 
- H
s ~8 o

=

~~~~~~~~~~~~~~~~~~~~~~~~~

I~~ 1I
uiw C

—

0
(9I 3/uJ)I~~~o1 0 

D 
L& C

I I I I I N
c%JO¶ p ¶

_____ 
-
.~~~— -~~~—-~~~ 

- -
.~ - _ _



18.

to the difference in dislocation structure which results from cyclic

straining at 298°K and 77°K. Cells form in the former, tangles in the

latter. The higher dislocation density and more homogeneous distribu-

tion of dislocations at 77°K are expected to give a larger value of

plastic work to propagate a unit area of fatigue crack U. Uaing the

empir ical equation in Section 2 of this report, very large differences

in U at the two temperatures are predicted, as shown in Table III.

Using the strain gage technique, U was measured in cold rolled

99.99’ Al and annealed 1100 at room temperature. These values are

also given in Table III and the agreement is within a factor of three

of the calculated values. The A values for both are 3.4 X lCT 3 which

is well within the standard deviation range of the empirical equation

of Section 2 showing that this empirical equation holds for pure Al

and 1100 alloy as well.

It is noted that U values for 99.99’% Al and 1100 Al even at 298°K

are considerably larger than for the precipitation hardened Al alloys .

Thus alloying elements and impurities reduce U but the a~’ term in the

empirical equation dominates so that the precipitation hardened alloys

have much slower rates at 298°K than unalloyed altm*irnmi. If the

strengthening can be achieved with less reduction in U, then alloys

more resistant to fatigue crack propagation would result.

- - -- -- -~~~~ - - _ _ _ _ _ _



Fig. 1. Relative fatigue crack initiation probability of 2024-T4 mechanically
polished vs. constituent particle thickness normal to stress direction.
The crack probabilities vs. size were divided by the size distributions
to give the data plotted . 
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in plastic work. Dislocation cells result from cyclic straining at 298 degreei
Kelvin, tangles at 77 degrees Kelvin.
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